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SUMMARY

Thie report pre.8ent8the results of preewre dietributi”on
ted~ on a thick, tapered and twieted monoplane wing
model. The inrdigation m condwctedfor the purpo8e
of obtaining data on the aerodynamic chamcterietim of
the new wing and to proride additional information Mit-
We for u8e in th design of tapered cantilever w“ngs.
The teat8included anglea of attack up to 90 degree8 and
mere made in the Atmospheric rind Tunnel of the
National Adui.eq firnmittee for Aero7u@i”m.

The qxzn loading orer the mung wus approa-mately qf
elliptical 8hape, which gare rice to relatz”celymall bend-
ing moment8 about the root. The angle of zero lifi for all
tictions alo~ thespan m.ried only uz-thin &()~ degree of
the angle of zero li$ for the wholewing, raulting in small
leading edje load8for the high-speed condition of $ight.
The reeu.ft8a180add to the acailable information for the
dwdy of etabdity at large angie8 of attack.

INTRODUCTION

The structural design of airplane wings calls for a
knowledge of the manner in which the sir loads are
distributed over the wing as viell sa the magnitude of
the total loads. St.andsni load distributions, for
ewunple, such as are specMed by the Department of
Commerce, are ody approximate, and while wings
designed according to these loadings maybe generally
safe, they are doubtke often heavier then need be.
It is, therefore, d&abIe to know more exaotly the
actual load distribution over a given type of wing if
minimum weight is to be obtained.

The increasing amount of interest in cantilevw
monophme wing systems has furnished the basis for
an extensive pressure distribution investigation made
in the Atmospheric Wind Tunnel of the N“ationcd
Advisory Committee for Aeronautics. Seve.d models
of tapered wings suitable for interred bracing have
pmviowdy been testtyl and the results published
(Referenoe 1). The ieeults of these tests indioated
that further improvement in aerodynamic and geome+
rio features were desirable, and in consequence, a new
tapered wing was designed.

It was desired to produce a wing having the following
chsracteristica:
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1. Relatively small bending moments at the wing
root.

2. Equal length SpflI’S.

& Reduced leading edge loade, for the nose dive
condition.

4. High ma..um lift.
5. Minimum induced dreg for any given lift and

aspect ratio.
This new wing, designated as the N. A.C.A. s1-J (see

&g. 1), wse developed from the following considerations:
A linear taper having a ratio of tip to root of 0.5, in

plan form, provides for approximately elliptical span
loading, and cmsee the lateral center of pressure to
move nearer to the center of the span, thereby giving
rehtively small bending moments about the wing root.

The wing tip was shaped so as to provide for good
load distribution and to enable the w of spare of equal
length.

In order to reduce the loads on the leadhg edge of the
wing, partimdarly in the nose dive condition of flight,
the wing was to be given a geometi viashin so that all
sections aIong the span would be at Z- I.ifteimultene-
oudy. If the sections fdeo stalled at approximately
the smne angle of attack, then a maximum over-all
lift would probably be attained as well.

m mminmm lift was further assured by making
the wing root and tip profiles of the Joukovr&i type,
wbioh profiles were developed by the method given in
Referenoe 2. These profdes were slightly modi&d,
however, by thickening the tmiling edgee somewhat.

The elliptical span Ioading previously referred to is
&o the theoretical condition for minimum drag of the
wing, so that from a cmsideration of the foregoing, it
can be seen that probably a good compromise vvouldbe
effected m obtaining a wing with the desired charac-
teristics.. .

Prebmmary teeta cm a model of the new wing
indioated an inmdMent mnount of twist had been
provided at the tips to satisfy the zero lift conditions.
A second pwdel was, therefore, built with a greater
geometric washin, but otherwise the same as the fit
model. The results of pressure distribution tests on
this latter model of the new wing are presented in
this report for angles of attack up to 90°. These
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results add to the available information for the design
of tapered monoplane wings, and for the study of
stability at hwge angka of .attaok.

Attention is invited to the diffarenoe between the
aerodynamic and the geometrio wmbin. The pread
wing at zero lift has a fairly huge geometric washin
whioh Oomponde, however, to zero aerodynamic
Washin.

MODEL AND APPARATUS

The airfoil used in.thesa t.astawas a half-span model,
and was tapered in thickness and plan form, with a
geometrio wash-in at the tip of 6°45’. (See fig. 1.)
It was ommtruoted of laminated mahogany, the ordi-
nates being held aoourate ta within +0.01 inoh of those

/’r”Tr

assumption being made that the imaginary plane of
eymmetry of a wing cm be replaoed by an tmtual
plane surface without changing the flow, If the separa-
tion plane is sufficiently large, it is then possible to
remove half of the wing and to replaoe it by the
pressure leads and support for the remaining half.
Figure 2 shows the airfoil and separation plane setup
in the tunnel. The airfoil was mounted on a turn-
table fitted with an extension outside of the tunnel
twt seohion for cktangingthe angle of attack.

Pr&eures at the various otices wera indioatcd as
heads of alcohol by two liquid multiple manmnetem.
Rubber tub= connded the manometers to the small
brasa nipples extending from the wing. All of the
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speoMed in Table I. The tip was fit made straight,
and then oarefully shaped to the dimensions shown.

For purposes of prees~e distribution t.eethg, 37
pSirS of end brass tubes were built into the Si.I’fOil,

one tube of eaoh pair op@ng as. an orifice in the
upper surfaoe, and the other tube opening in the lower
surface. The tuba extended down through the wing
butt and terminated in small brass nipples. Six
tubes were found to be defeotive after testing for lealm
and these are indioated on Figure 1. The pressures
indioated by them were not used, but the vahm of
pressure heads have been interpolated at these looa-
tions, OrMce looations around the profile and the
spacing of the orihe groups along the span are shown
in Figure 1, and given in Table II. ‘“

The tata were made in the Atmosphere Wind
Tunnel @farenoe 8), on the half+pan model mounted
vertkdy on a horizontal “separation” plane, the

upper surfaoe orikm were oonnmtod to one mano-
meter, and those of the lower surface to the other.
Two tubes of eaoh mmometer were connooted b a
statio pressure plate in the wall of the tunnel test eeo-
tion just ahead of the model, for obtaining a reference
prewwe. Figure 8 show the manometem, the rubber
tubes leading from them to the wing, and the modol
support exte&on for ohanging the angle of attack,
The model and separation phme, as well as the fairing
enoloeing the pressure tubes h“ the tunnel, are also
partia.uy shown.

Photographic reoorde of the various preseurea were
obtained by plaoing a shed of photostat paper behiud
the glass tubes of eaoh manometm and ffaehing a 25-
watt light looated about 6 feet in front of eaoh. The
preeeureaon the upper and lower surfaoe of the airfofi
for one angle of attack are shown k the sample record,
Figure 4.
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TESTS

A few preliminary tests were made for purposes of
adjustment and calibration. Siice the air flow is
somewhat retarded cIose to the surface of the sepa-
ration plane, it was necessmy to compensate for the
decreaaa in vekwity. This was acoompIiehed by in-
ching the leading edge of the plane, which ccmsieted
of a hinged flap 6% inchw.wide, nntil verticaI veIocity
eurv~~made about 1 foot upstremn hem the model
showed~a eatisfaotory dynamh pressure distribution.

and index on the wing support w&nsion (see fig. 3), and
aIIowing about a minute for the manometem to reach
equilibrium. Then the photostat paper was placed in
each manometer and ,an expcmre of about one second
was made. The paper was then removed, and the
procea9 repeated for another sngIe of attaok Check
records taken dwing the teats indicated an accuraoy
in meeaured pressure heads of within + 1.0 per cent..

TIW premre dietriiution tests were made at anglea
of attack ranging from – 11° to + 90°. Throughout

The model was set at the sngIe of attack of zem
lift for these surveys, and it is f&ly certain that the
flow past the tunnel tact section would be practically
the same with the model removed. A PitotAat.io
tube installed permanently in the tunnel, sdMently
far upstream from the model to be mud%cted by it,
was then ceJibrated against the integrated mean of the
final survey (&g. 6), and used as a dynamh pressure
reference.

In testing the wing, it was neoeesary h set acam-
ately the initial angle of attack. This was done by
means of an optical eptem, which included a light
source, lens, and indicating screen mountad on the
tide of the tunnel test chamber, and a mirror placed
on the model parallel to the ohord of the root seotion.
The iudax on the wing support extension was then
set according ta the zero setting of this eyBtem.

The test procedure consisted of setting the angle
of attack of the wing by means of the two handlea

the teststhe dynlmicipressure was maintained eOn-
stsnt at 6.47 pounds per square foot, oorraipending
to an air speed of about 50.3 m. p. h. The awmge
Reynolds Number was 283,000 with the mean wing
chord as the characteristic length.

RESULTS

The results are given m Tables III, lY, and V in
hrms of the ccdiciente of relative load, noinml force,
and pitchii moment, for each test section. Table
VI gives the codicienta of normal force, lateral oenter
of pressure, bending moment, pitching moment, and,
longitudinal center of prwsure, for the whole wing.
The radte are also prmented in graphical form se
follows:

Figure 7. Section nornd load coticient verene
angte of attack, K versus a.

Figures 8a end 8b. Span load diqm.m, K vemue
Span. .
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Figures 9 to 15. Ieometrio total normal prmsure The remdta are presented without corrections for
diagrams, including (7,P. Ioci. tunnel wall and blocking o&Mtawhich have not Leon ““

Figure 16, Angles of zero C., for each teet section. evahatd up to the prwent for se~ups of thie type, a
Figure 17. Total nornd force coefficient versus cmee+ectional diagram of which is given in Figure 6.

angle of attack, (7Mvermma. Hoiffever, these tests are comparable with tests of the
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Figure 18. Total lateral center of pressure codl- I earlierwings Aven in Reference 1. When intermct.hm
cient versus angle of attack, (7Wvereu- a.

Figure 19. Total bending moment coefhient vemue
angle of attack, OL1vemus a.

Figure 20. TotaI pitchi@-rnoment coticient vereue
angIe of attack, & vemus a.

Figure 21. Total longitudinal center of pressure
coei%cient versus angle of attack, UPvemue a.

the reeultsym~ermeof the full scale airplane, co&idera~
tion should also be given to the low Reynolda Number ,,
at which the teds were conducted.

The rwmltaas presented in graphic snd tabular form ‘_
may be relied upon to within + 3 per cent.

Aotual pressurediagrams at eaoh angle of attaokwere ,,=
obtained by scaling valuee of the liquid heights from the
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photostats, plotting them on ~tion paper at their
correct positions along the ohorde of the airfoil, and
fairing a closed curve through the points. These dia-
gram were then integrated for area, and for momenta
about the leading edge for each section. Cheek
integrations gave an accuracy of within * 2 per cent
for tial values of areas and moments.

.
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that used in a previoue report (Reference 1), and was . .
obtained aa follows:

Tbia form of coefficient me necessitated by the faot
that & doea not represent the loads along the span

.._

on account of the changing chord of the wing.
..-—
.——

1- . — — m.ssmd. 1
..-—. 1!

FKKEE+.-anmpla~ recad-N. L c. A.SI-Jdrfma-w . .

Values of normal force coetlioients, CA7, for the !
varioue seotiona were calculated from the faired dia-
grams as follows: I

where i

A-integrated area of the preeaure diagram, [

c-length of the diagram, ~
g-dynamic premure, expreeeed as a head of the

manometer liquid.

The reIative normal loadings at the various test eec-
tions, exprmeed in nondimensional form, are given in
Figures 7, 8a, and 8b. The coefficient is the same as

The distribution of the total pressures acting normal
to the chord at each section for a given angle of attack
has been plotted on iaometrio plan views of the wing,
_ 9 to 15. Hting pressures are plotted upward
and a preeaureewde in terms of ‘(q” is included on each
&ure. These diagrams also contain mrvea of centers
of pmure along the span.

Values of total (?W have been plotted for each angle
of attack aa shown in Figure 17. These total coef6-
ciants were obtained as folIows:

. ..—
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..-

-.. ..-

.—



102 RWOItT NATIONAL ADVISOBY CO~ ~ FOB mRONAUTICEl

where

A’- area of the semispan load diagram. (The
integrated area of each motion load was
plotted versus semispan, and the fial
ourvea integrated for total area),

S-total area of the wing,
q-dynamic pressure expressed as a head of the

manometer liquid. . .

The lateral (?. P., Figure 18, wsa obtained by plo~
ting areas of the section pxwure diagrams versus

-= —--- ...-—.

aemispsn, integrating for area and for moments about
the root, and then dividing the moment by the area.
These values are given in per cent semkpsn from the
wing root.

The bending moments about the wing root, Figure
19, have been calculated in coei3ioient form by the
product of the total normal foroe coticient and the
lateraI writer of pre8aurecoetlicient as follows:

C.f - &~x &
from which

*“-$+
3

or

where

L’=-ben “
v

mommt about
b-span o the wing,
~-~ptil~c~f the wing,

n K!3mre,

all in calaietent lmita.

the root,

Total pitching moment coefhients, Figure 20, were
obtained from

where

..

<’= area .of mmispan moment diagram. (The
~nt~~ pitdung moment about the

fa
of the root section a~tended

was p ot for each motion versus sami-
span and the fiaI ourve integrated for
totaf area.) ~:

c-chord of root secti?rq
tl- total area of the wing, Lj
q==dynamic pressure, expressed as a head of the

manometw liquid.

The totaI longitudinal center of pressure coefMent8,
Figure 21, were obtained by dividing the total pitching
moment coeflicienta & by the total normal form
c46cient Cm. Results are given in per cent root-
chord from the leading edge of the root section.

Twnet
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DISCUSSION

The loading on the tip section, “A,”isrelatively
light aa maybe men from Figure 7, while the section
loading gradu@Iy increw from tip to root. The
spag, load dist~butionj Figures 8a and 8b, is seen to
approach the dedred elliptical shape, which is also
the condition for minimum induced drag of the wing.
The. aotual load distribution for a full scale wing of
this design may be obtained after determining the
loadinga at various points along the span by the
foUowing relation:

kad per unit epan-KXgXsemiapan (1)
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PRESSURE DISTRIBV1’ION OVER

A few representative isometric pressure diagrams,
presented in Figur= 9 to 15, are of interest in that
they show t-hedistribution of the total pressures acting
normal to the tsst section chords of the wing. The
angles of attack below the stall, Fwes 9, 10, and 11,
were chosen so as to show the loadings for three stand-
ard design conditions, i. e., nose dive, low ang~e of
attack, and high angle of attack. Fiiw 12 to 15
give a general idea of conditions above the stall up to
90°.

Siice one of the objects ta be attained with the new
wing was that all sections aIong the span should reach
zerojfift ainmhneously, reference to Figure 16 shows

A MONOPLANE WING MODEL 105

angle of attack range for the wing if the greater twist
is used.

The normal force characteristics of the wing as a
whole are given in Figure 17. A maximum value of.
&of 1.33 was obtained at a= 8.5°. Since the coeffi-
cients of normal force and of lift for a given wing are
practically of the same ma=titude up to the angie of
DWXkUURI lift,the VShe Of &’= 1.33 JX+presenk a
relatively high lift cdlicient for this wing. To deter-
mine the normal force iVF, for a given wing, the fol-
lowing expression shouId be used: -

A?F= q S &

I n

H? angle of
at ack cand%n

$
.

3

2
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I?IGCEX11.—TotaI normal premre distrfbnthn

the degree to which this has been accomplished. I
The @e of zero Liftof each section lies witJ& + 0.4°
of the angle of attack of zero Iift for the whole wing.
This may be considered to be a suf%oiently close
approximation to the above desired condition.

It can be seen, however (fig. 16), that an additional
-ivashinof about 0.8° would probably give still better
results!with this wing. The tutaI washin would then
be 7.55” at the tips, which is a fairly close check on the
theoretical value of 7.75° as calculated by the method
given in reference 4. It should be noted, however,
that the span loading and bending moments might be
changed appreciably from those shown in the low

89300-32+

The lateral C. P., Figure 18, lies at about 43 per
cent of the semispan from the wing root up to the
angle of maximum lift, a= 8.5°. It then moves slightly
toward the root and then outward b an average of
about 45 per cent semispan for angles of attack
ringing from 20° to 90°.

The bending moments about the wing root in coefE-
cient form shown in F~e 19 apply only to a full
cantilever wing. To evaluate the bending moments,
L’, about the root for the full scale wing, use should be
made of the foIlowing:

-.—

..-..-—
....—

@s:cL’ (3)
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The total pitching moment cmef&&nt.a,Figure 20,
and kmgitudinal 0. P. travel, Figure 21, are inoluded
to fa@litata determination of the longitudimd stability
and bakume oharaotaristics of the wing. The total

%.o

N
-lo

6

4
*. .

moli’n 16.-hgl0d Wmcm h -h *

pitching moment about the leading edge of the root
motion extanded may be obtained from the following:

ki=g c s CM (4)

CONCLUSIONS

1. The span load distribution over the N. A. C. A.
81-J wing in approximately of elliptical shape for the

<

d

Rotmr 17.-NmmlCamamftkht (Wal)lmlmmalnofatkd

normal flying range, giving * to datively small
bemdingmomenta about the wing root.

2. AU e80tionaalong the span of the wing reach zmo
lift within + 0.4° of the angle of Mad of mm lift for
the whole wing, reaulthg in small loada on the leading
edge of the wing for the nom dive condition of tit.

& An additional washin of 0.8° at “the tip would
probably further improve the aerodynamic properties
of the wing in the region of mro lift.

COMh@I’Mlil FOR AMRONAUITCH
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a
Fmun%.l.-Lcz@tndlnaI centuiMprmmre co@rImt@XsI)~Oof

4. A relatively high value of mudn.mm lift co”2ii-

cient, 1.33, haa been attained with the wing.

LANGLEY MEMOEIti AEEONAUTIOALLABORATORY,
NATIONAL ADVISORY CowrrmE FOR AERO-
XAUTIC6,

LANGLEY JhELD,VA.,May#l, 19S0.
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TABIJI I

ORDINATES

N. A. C. A. 81-J twisted and t!lpel’ed monqiane wing
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TABLE V

Section pitahing moment

0cn3%ioientaCM

TABLE III

&otfon relative had mefWenta,b

[Aw-udr*-@fJn@

N. A. C. A. 81-J tapmed wingN. A. C. A. 81-J taperedwing

F ..A B c D Ea
a A B c D E F
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.(IC47

.m

.66?6
Ne#

.170
;$

.m

.167

.M4

.146

.161

. la
:$

. 14s

.S6a

.m

.167

.lM

.172

.164

.166

-IL M67
+:dY&

.-

.M7

.196

.2B

.W

.207

.m

.=6

.!MI

.=
:=

.m

.m

.!271

.m

.XM

.Mo

. m

.a66
,m
.=
.W
.Sn

.—

-awl
.+:xg

.19a

,:Z
.am
.m
.W1
,!m
.Xa

:=
.266
.!m
.=6
.!al
..m

:E
.m
.W
.464
.44a
.W
.U1
.m

-awl
+..

. 14a

.!za

.m

.W

.M6

.611

.asa

.m

.s00

.aoo

.am

.=6

.!m

. ml

.Slo

.a46
,W
.413
.C17
.e
.M4
.m
.696
.=

a aoll
t.=

.lal

.m

.667

.4M

.a16

:E
.=
.W
.=
.4Gm

:%
.=
.a44
.Wa
.U6
.W

:$%
.6W
.016
.al
.6U

-alla
-. W
-. Ma
-lm
-. Ma
-. m
-. W
-. w
-. m
-. ma
-.=
-mm
-. 41a
-.982
-. an
:%J
-.m
-.m
-.471
-.4W

=jfg

-ma
-.@as

.-.
-4047
-. w
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TABLE VI

Total wing ooe!lkdenta

N. A. C. A, 81-J tapered wing

Seotkm normal force
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